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The ident;ifica"c;io nand con t ro l  of vapor phase reaction 
kine t ics  -t;o produce pi @era$s by hemogenaesus nucleation have 
been achieved, A vapor p b s e  apparatus has been desi~gned, 
fabr icated,  and cal ibra ted %bough b500"C. Vapor p k s e  reae- 
$ions have been analyzed, c a % c ~ a t i u n e  have been made, and 
powders of alumina, r u t i l e ,  and zinc csdhot i tmate  ( i n  a  xed 
phase) have been produced by homogeneous nucleation. Electron. 
microscopy shows uniform pa&icle  rmorp'tso%og;y and s ize .  The 
ant ic ipated advantages of vapor phase homogeneous nu-cleat ion 
(namely, pur i ty ,  f r eedm from defects ,  and un i fom p a d i c l e  
s iz ing  without grinding) have not been disproved. 
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The development of vapor phase technology i n  t he  preparation of 
space-stable p igmentwas  been demonstrated by t h e  production of very 
f i ne  r u t i l e  powders with descrete morphology and an average p a r t i c l e  
s i z e  of 0 . 7 ~ .  

The c r i t i c a l  parameters fo r  t h e  controlled production of r u t i l e ,  
and alumina have been used as  the  basis  f o r  the  development of monosized 
p a r t i c l e s  of zinc or thot  i t ana te .  Zinc o r tho t i t ana te  ( ~ n ~ ~ j - 0 ~ )  has been 
found t o  be one of the  be t te r  space-stable pigments f o r  use i n  thermal- 
control  pa in t s  of low a and low a/€ r a t i o  ( so la r  absorptance and in f ra red  
emittance). Because of these  s t r ingent  requirements, it i s  believed 
t h a t  the  development of vapor phase reactions t o  produce zinc o r tho t i -  
t ana te  by homogeneous nucleation i s  t he  bes t  approach. 

Vapor phase apparatus has been designed, fabricated,  and cal ibra ted.  
Vapor phase reactions have been analyzed, ca lcula t ions  have been made, 
and powders of alumina, r u t i l e ,  and zinc o r tho t i t ana te  ( i n  a mixed phase) 
have been produced by homogeneous nucleation. Submicron s i ze  pa r t i c l e s  
required fo r  e f f i c i e n t  sca t te r ing  of so l a r  radia t ion i n  t h e  0.35 t o  2 . 5 ~  
wavelength range have been produced. Excellent sub-angular morphology 
was exhibited i n  t h e  e lect ron photomicrographs. 
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L The @ i k * ; s i ,  2 j - 1 2 ~  ( :~ r f~~~(~ t~S ;a f j . " , i ~ i~  ( 7 j r ~ ; $ f C ? a  i?agiicnt pi'fwfies was p-irtq?aser? 
by mi_x-ir.ig :?,_.la ar~d '1110 ( ~ ~ i ~ i ; , a s e )  i.n -[,he male se.kfo (2s  I), krry res:idval. 

2 
~ * Zr?;O be rerp1-svetl by washj.ng wii,h ncc:-b-ic a?-; . d  l ~:cm,g;Peke v ~ m ~ ~ ~ ~ - a . l .  '1 .s 

* 
710% always aeh_f eved ) . Sto icb j  {31jer:11:it~r' I Icr  crsulal cier;zi.-T. tni~s s~~p,[<fi-s$~ i i l ~ l ~  r-2s l d- 

yemains, other kitai~a ' i ,cs  R a L e  fcr,r-~~ecL, oi- i,E:sl, ir'!fJa,rb?--~lrii ig 
,? present; f .r\ ~ . i i $ e ~ ~ ~ , - S . ~ ~ - a ~ -  ::oIj.d sobuCl oi.1 i ri .?.31e orilic->t.'l tm-in "u;e %.a.tia l t - c -%,  c. 

Zinc arthotitanate j s not; czx~ii,~:ii.f.e~L~j- ngace-skr,8j'l.e w,nd w i i B  dtgr-rsdc: 
~ lndes  space sirm.jlaihion, One of t h e  p:rima.ry - factors b e l i  e-reci u*esprinsjble 
far grtlim.otii~g d.sms.k;e to +;he pi@n,eni, PS~WC~F'I- i s  grGnrli a > - s -  i lg ;  hc$reves, -fj1ac: ex-- 
t ~ a c t f  orr w i t h  aeetkc, acjd (-g)se-{i.s~sly ~ ~ l e ~ ~ ~ j  i_rned) ni.1-j , ~ ~ [ a : ~ h j  ng i;,-pr <>tj-!t .y 

P~l.ps&a,n.i; -~ar"ieb~es, f; gr inding  c.ir mn.l.rlLi_ng opera t ion  'kr; >r ;Tis&' i l ; .  m1p7-o;j-et3 
sr;tl>mii:~an- s lzi.. p a r t i c l e s  j,h&,f l ; lw]u@e *,he ef f""_i?iej,j r l - ~ s f , {  iqel 

i n g  of s c j l s r  rw!lii.ak_-l'l.m in ihg &-. , n L3 e .~,.,# 2,5 P c  ;". rrave=;le!.j;<?"ll -.enqe 

r? & j e c t i  ve -2.r; 

tecbia]c.gy dc.j(;?ic;~li id 
- .  spa~e-n-t"~@,blc p i g ~ i i c ? i ~ ~ f i w  ~ 

glfaterial system to be 



where 



rninin~vni of s'r,rur"c\ura,i clef eia'rs wclttrld t 0% rn >st, ,1?ace g t a b l e ,  When 
p f g e n C s  degr-ad e, the . n i s k  a b 5 ~ > ~ - p i _ ~ m  (c& j lner"eases, tnrereby in- 
creasing the a / c  r a t l o ,  

'The primary puryr,se of a CheernaL control coatrng i s  Co refleet 
as lnuch radia-i;ion as possibLe; .I,kiereby p:-etrentirrg radS~?,-kEnn from 
reaching the iazterioec of clae space vcataic9eC The most ixllgsnst,,~~d I 'acCo~~ 
to consider in Lhe scillectiv.Lty of a two-~rlisse coatimp a r e  (1) ihe 
pa r t i c l e  size of the  -p~gg~en.l,, (2) the r e L a t i v e  sadex OJ I?iI^~*ae-%ion 0 4 '  
"r;e pigment anrl tlae k-rincler, m d  (3) the volme of the 131@ent present 
in %he coating,"? M z x k n m  bacI~sc8f;%erlng or r e f l e c i ~ f l ~ e  is obtained 
when t h e  yarticle s i z e  of " t e  p i p e n t  i s  o i  the s84nc orde r  of rnaga~it~ade 
as the waveleragth of the inc ident  r rxd ia t io~~,  Z ur sell7 t radiallron, the 
maximlm is~"&nsidy is i i e twe~n  O,35 ?mc"r. 2,511, 

For grbe&%esd ret"Lec*-t,;ilee, t,he iw3 -x of refri-ebi on of' the  pig- 
ment should be ~ i g ~ l i f i c a ~ n t l y  higkiel* tlran t ~ l i 3 %  of the binder  and the 
vo&wne oi particles slio~jL_Ld h e  as g r e a t  8s pels: j ikile,  A , pippent ~ ~uiLs"u l t  
for a "cilerzla,l c.onCrnl coatirlg shctiLd ( I) have s Jotr B;icx/c) ratro, (2) b e  
s t a ~ I *  when subjeet,e$ to ultraviolerzt  r ~ d i r ~ t f r ~ ~ l  i.r~ a Tinctjrlrri, (3) ha;ve 
a p a r t i c l e  size irk %her; 0,3> to 2.'4 r a ~ ~ f ~ e ~  =ird 0-t) nave :r h igh l idex  o f  
r e f r a c t i o n ,  

2 ,  Phase E y u i l $ b ~ ' i  1331 J ~i t h e  ZsiO-TiCT2 :?yx d e m  

Go~upo~~aads x e j j i i ~ t &  f OY the 7 qO--'l'i C)TZI em c T F  z i ii( ti"tk?otji 
t a n a t e  ( ~ n ~ ~ i ' i ~ ~ ) ,  ri:uc ~:ietatitanaie ('/~~'Z^IO,), mid z i l ~  s:.:;qui t i  ten81 P 
( z ~ T ~ , o ~ ) .  The s t u d y  01 1aLase & q u i l 5 k - ~ s  in tb@ ifiO-?i;O., sysimi rnaae 
by D d i n  m d  Rase%hows de@onposi" 5.011 of zinc ~ ~ e t t t + ~ i ~ a c ~ a t , e  ia-l%o z i  llc 

ortl2oti"cade and u v ? t i l e  ar a,gpnorrirr~-L~ly iqi9OnC (ser iQ8, 14 b y  {he; 
fsUowiag reacT,rnr; : 





or thot i tmate  is the only s table  r i n c  oxide-litaansa colapuunci above 
LOOO" C, 

'The s t r u e t w e s  (3C z i n c  ~i't;liotii;&naii$g z i i l c  ~liiitatJLa~a..i;c?~ $;lid 
zinc ~esquitik~~ate are -kmrerse spinel, iie~hgoaii-L, a ~ ~ d  6eCect spancL, 
respee-i;ivehy," Zinc sr-tihotitanak w i  t l i  an inverse spillel s tm-v~t~ure has 
32 oxygen atoms i n  an aApproxitnate.l_y cubtc ~Lose -p~ t*k i r ig  ax r a n g ~ ~ e n t  
with 8 ~ n z - ' "  -ions in A s i t e s  i l it it bc t rxkhcdr  al aorirdi:;a t* r on, m b  R kin"' + 
8 75"' ions d i s t r j  b l ~ t e d  u ; i i~dr ,~ i ;y  i r i  B s r oi-tE i,ctr;rieCl ~ ; 5 _  etic!rdina- 
tion to the oxygen atoms, Zinc sesquitd.ta~,ilai;e cl: ;sicUizea i a r  a defert, 
spinel structune with 8 2;ra2' iona i r i  the L C  t , rebe&ai  j~:asidions and 
E ~i"' ions occt~pylng the  oc-?kaht7itsel ~ L I S  n i "ronq, Zinc  meGab,3 i* m a b e  has 
an Shenite-t3rpe S ~ ~ L I C ~ I ~ ~ % . C : ,  

A1 tmiraem ox% de powder ba~,%r; :, jiJ*oijti C*CZ;~ b ; ~  i 3~;>bell'' f ~ O M  ~ O B I O ~ C J I I F ~ -  

ous ui~~clea,trkon i s ?  t he  va--or phs .;c-. , f i  " L j i r i ~ r )  L-lii -It1 orrde , ~*a-P;horl dioxf dc, eend 
by&ogen were reacteci in 8x1 i fi<itl?~?ari;~J I I O S ~  L 1~11~3, V a ~ i ~ X 7 . 3  es SUC~I  as 
Wpesature,  gas ve20eiteybr, s y  s tcm p1"esslrre., ;i r,d. gab c o a ~ p o s i t i ~ n  w e ~ e  
shorn to be controUing paague t e r s  fa r  powder &nd whisker growLk_i, 

Schaffer md 3ones8 produced other oxide potaders (i , e ,  , Si02, 
Zrg2, T i 0 2 ,  mil ZnO and %he double  oxide Z ~ I T ~ O , )  rasing a ha,Ii.de lwdroly- 
sis react ion and sulaseven-i; 4lomogeneovs n ~ ~ e l e a t l i o n  o f  t h e  powder -in 
the  gas phase using equipment similar to thzt o f  Caapbe l l ,  Both. chlor5,- 
na t ion  and. ?ra~,oriza~%ion o f  zinc were :lc;ea for prcdr~:-%Lon of' ZnO a n d  
ZnTi03, %$or?;n8,-t;ion cji' zinc, proveti U J S B E ~ ~ ~ S ~ & C ? ; C ~ I - ~  because i>S ; 6 s  
high vapor pressure. Vaporizatior; or' zin? proved d i f f j r ~ ~ l t i  to cnnCroejE 
because other react ing gases passed 9ve-8- its su-rfnce d;iiiti a ~ ; d p  fu^irmation 
I fb i ted  evapor a t i r m ,  
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11. PRIIVCELES OF VAPOR PHASE POWDER PRODUCTION 

The fundamental considerat ions fo r  a vapor phase reac t ion  system 
a r e  

(I) t h e  thermodynmic beh8vior ~f the  system a,% 
s e l e c t e d  temperatures; 

(2 )  t h e  k i n e t i c s  of nue$ea,tian, reaction, a ~ d  
evaporation; and 

( 3 )  a basis fur proces:: c omtrt,1, 

Fonaation of zinc orttiotitaiiaze wa,. ?LJtiepiiptc,ci. bj J ridroduclirrg va9por 
species sf zinc and d i -ka~ luba  i l l to  a ireabed reacLi or1 T i m e  a,% C O ~ S ~ ~ I L %  

temperalure and pressrrre. in. l ; rnc, i t~ct~ on c i f  li;, aiid C02 oPt la  the 01~La.l. 
vapors provided t k a r  remairimg r e a c t a ~ ~ t s  -;necc:ssosy to _c?rodtxce zin~ 
ortkzo.ti.ta,na,te by 'nc>~fieigeneor~s nuchea,t,ji;n, 1 5 2  carrying oct t he  chmica2 
reaet ior ,  i n  a zone of coneta,nC tempera;tvre &rind gress:i-ve, the rkeasibi l i ty  
of the r eac t ion  c o ~ r l d  be predic ted  S r o ~  themo&7zmics, 

A. THERMODYPWCS OF ZINC ORTHOTITAXATE RXACTIONS 

The s u i t a b i l i t y  of t h e  therraod.ymaics f o r  t h e  z i n c - t i t a n i a  system 
has been es tab l i shed  by thermod+pamic ca lcu la t ion  and previous i n v e s t i -  
ga t ions .  Two react ions  were considered f o r  production of zinc o r t h o t i -  
t ana te ;  i . e . ,  

By suenling the free energic~s c "(he prodlic? s or' t r ~ e  react%aur~a 
m d  srabtracting the sum o f  &ha YTF'F F-,I cngizs  07 the ~ - % a a c t a ~ l t s ~  %he-. ~ r e c  
energy chmges $'or Eqs ,  (4) a,nc?;. (5) wa-e  obl,%j.,incd !,front room tenperattare 
t o  20QO"K. These va lues  are s r m ~ ~ n r j ~ z e ? ~  in TaDLee 1 and $I, Free- 
energy da"cs>" cxre 8,vaiLable for aLJ t h e  compor~~nds in Eqs ,  ( b  ) an& (?) 
except Zn2TiQ4. A n  e s t ' i m t e  f u r  Z n 2 T i 0 4  w%s made us ing  t h e  fouowing 
reac t ion  : 



T T 
acr tcP 

("6)  I, ' "K) - .  (l<eai/mol e ) I-?eac:.i,ioli 11% 
Ijeaetior: 11% 

___ _ ___I__IX^_  ̂ - - .- .- " __^_ l"_l-l-.. -----.-.----- -------- -" 



k,>< 1 >- 
'ii 'r 

Reactic;,n 5 X  ("c) :' ,'i.c) Reaction 5s ( ~ca7/mo le ) 
------ . -- . .-. - - .----.--.--. . - ~-"-A-- -=.- .-*--..- ------...- -. - . 

7.. T7 x lo3 

2,22 x LO" 



;"his reaet-inrz oel:ilr.a aimvc- *[ail""GL "*id 6-hu: ?he il , - e ~  r'oe~-p,$v o f  
one mole oi" Zra2Ti04 m,~;;t he nnis qc,ga.tf\e L t i a i  t i i i  ;ram l;rf Lhc Tree 
energies of i,trs rrmLes of ZnO and C K ~  ~ l f ;  " j l O 2 ,  Ass i l l i l l r y  %ti at l ~ i ~ -  free 
energy cE-~aage For reaction (6) is at, l e a s %  -5,OOO cali/lurc-rle Zn2'i1i Oa, ;r 

free-energy v a l v e  fo r  %nZ1~'iO4 wads ea-lctlla~~ed, a s  s u ~ m i c ~ z e d  sn 'i'&le Ikd, 

As indzcated i n  Tables I and IT, the free-energy c ) i h ~ ~ g e s  for Eqs, 
(4) a d  (5) are sil?jsii.antiahr_y ~zegatclve .-w-~-t;h Sam-pe equs11 f;rirm ~ c ~ n s t a ~ n t s  
above 13Q051i (1623'@), Tnus Lhe thermadynanic; are fadorable ror the 
fomatisra sf' Z 1 k T i 0 4  above LOOQQC kflere Zn2TiU, L S  the only sLable zinc 
tit m a t e  compound, 

B, PRODUCTION GE' -bETlLL VAPOR SPECIES 

The metal vadpor species were ' i ' iC14,  L n ,  m i 3  Z n @ i 2 ,  T t i t a r ~ l ~ h i  t e taa -  
chloride was p~odueed by t h e  chlorination of t i k a n i u r a  a% 400°C using 
t he  reactinxi 

Ti, 4- 2 IY2 = Z T i i C l q  
fi, Z; 

% 7) 

Reaction (7) has a, large negalive free-encrgy chmpe irom 300" to 2Q00°K, 
Tita3.aim i;etrachlui'rde va;por*izes flcadiby ct i.lle rhLo~  l ? i a t i o )~  izenp=,r3ipur~ 
( 3 5 0 " ~ )  since i t  boils a t  136,4"~, 

The chlorsna t ron  nF zinc 1~8s zalll~91 d~rcd 'Ca1r-i sc \5ieriz1 ~ ; ~ , * ~ c Y  s :J- 

Bzibi%ed i t s  use; nmely,  

a,-i; the g y s t m  pressure, a.. i;err~pera-t.we of ~ O C S " C  or- 
gr.eadT:e~: pr,las necegsax.;j tt, ~.ril.p_so;-j z-, z f  TIC: cili.i:-[.- ide 
and pa,ss i t  ii.;_to t h e  -r.eec.Cion el~381be1-, ?-:pi? LCI,I:-, 
c:hl.orirration of l~%ak~ei.. n?ieLaJ.s 17nd l iee:~ 3-1. t ~ t n p t e l - i  
al; 600"~ and proved ~~nazLisi . .o,c:t~r~,i  i ~ n i r ~ p ,  a#? 
extern& Incone:?. i:h;L~ri.na.,~~ou . !tlLC2-:y - I~C,:~:C>J- i'ormed 
f:r.~xf~ x=cz:nc-biofi 0;' C l 2  ~ ~ ~ 5 t h  :li~cone,j. xi; ?;his telnpi?~.::- 
% u r e ,  8,lld condensed. j,li t3;e f-*~-.-r-""=-- J L  u mc I l i n e  c;::m- 
p l e t e l j  closing it; 







1-1. bjas t2c; jl!~,i*~-*d~tj<~~. ~ i ~ : c  i j y  i < ) j a  < ; f v  1 j q j . j j : i  lm>t,al  
!\ sic ?,.LC- ~> c~ 8 *>  " : fl-osil 1;. v o i i s i i n r ~ t  s i j . ~ f n ~ ~ ~  .,." ' b i  , I.~:~:.c:#~ h;t f$>t:t!d - I . O & J P  a.rd 

(-vv.B9ir '4 * 4 c :  silc:#?/te<i tl);l:t, i,lit? !--::-.i.P t > i .  c l ~ d ~ ~ < ~ ~ - j . ~ ; ~ l ~ , j t ~ ~ ~  01 ?. >.Jrl(.: - i'~'c->lTi ti 

c " I ) J I s ~ ~ ~ - ! ~  :~?1j'f;:c*s'- ,.. a.r*c~j  js ::r>i:$r"c.ait, \nirdc~' crl?~i&?;ioris ~ j i '  :~;18t,arii, Jjt)re46i 

.inpi; 'i and. eonsr;a.nd res.i_dilaJ. gas i,rens8a arfz, A geaera.1 eqiiatiouj. WQS 

deri.ved. for z i n c  eva.por.-at,j~i~r?; i , e, , 

9~ 1-2 zinc-  c :vzpior~t . i  ilj:, 
m =; u~i:iecilkar. x g g i p i i t  .>. - 

9 = gas eonwt,a,iit 
T t- l!rr:m$yerakure, 'C 

5- zinc: V:3:]:)m ~ : ~ & ~ ~ l l i - . C s  ~ k ,  t ~ l ' l l ~ f 2 ~ * ~ ~ , l ~ i 1 ~ F ~  ' k t d  a,ild 
F Z: p"ri,i;:La prescrrr*c: of' 7, i ::r: i iz e]\e shi:;i.emo 
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1, design f"ai,r5 ca te  a cli-Po-i'ili~~b~jy;, 
2, design arid fabricate a pi?~rd.eu -gas sepsraP,o~-, 
3. desigj-1 a i'e&sii?le gas i;a:riabGnz: gjsi,cnl, and 

i+* develop, a, i-o~p~-;.i.cr pi"ogrr;in .i,cj @o~~j~rn.Le CI-ii: f'-- . J a ~1 e ll$.~-'gjr 

forb any r-eacl ion Ptai.i..j r!g less Lkiara 15 rea,c L i  ons and 
15 produc ts , 

1, Chlorinator  

various pc,s:;ibilii;.ie,ir i"cii: e,,j mi rig Zn,T40, Yro111 the . ~ t i ~ y r o  phase 
bzfe b::en ~.cvil?sil.e(,l, o,naJybr.r;c.rtl for. npplilcctljtr? t r i  l.he .[pr'ese~lt s.ysi,ern, and 
rj,cecl>ted ciir. r.e Jeei:.d because oi' trb;ir!q+ri- prob%ems, As di:;cussed 
ea r l i e r ,  i'i. wa,s i.n;possjt-,le to ~:l;it?rii!p,te met;8,.t.?li c ziric in Cbe cblar ina-  
tore Ifii:yi-)duei;inrj of yif:l., j t t  t h e  v:kpiir .t;tla.;:e ri:ar:t,ion for Zn,Ti@, - Lsoked 
favol-able ;. T i C S 4  resu l t s  frola Lhe f0.U orzl r i g  reactinn: 



Kanthal A-I Heating 

Nichrsms Heating Wire 

wool 

Wire 

Fig, 3 - TS"xaan-ii~m ChloririaLor 





~ 1 J J : ,  t B t , ; ~ ~ i j r ~ ~ ~ . t , c ~ , ~ ;  !:I * :  t , : ) f i r  1 i I l Lli,c,r i:; ( i I y - l - l -  , j \ j t : t j  : jG < : < I )  -- 

' I *  

i (, il:;~ l : c : ; < : - i t . ( j ~  1 c+;:> <>l t-llt: j,:ja[:i,~l c '  c j f ,  j r lf .  1 1' i.j;:~,~l. [ A ~ ~  tj.fsf.',i 11t5 J.e:c:S,iaiji r:i : ' i  t r .  u 
0 ,  

" ,()* 

ci~i'il;j ell(,:; l i d  ;Jkj<>il!J~t,i 'I;$ t' ,<;;jk;l~)ijf: !"t*t j ,  f , i  ,,, . lt3-L 1 j t : ~  j t . : r  ];>ijB - .  :, . ;< crJe<;.j j- 1 ~ ;  
. - , . 

cha ,e -ac tg l r . i e t j  01' ~';~vc))- I  i 2 0 l l ~ c :  i8c ;~:  I J ~ L ~  itc:j>et~sj-:, tyl t$;e pws~.c:ei pr<~pe~:- 
t i e s  or u h e  A -2 disp~:(*:l;t-jj.d, - ]t'jg~urr: ', >;i:(j~&s i:i"uar.ti,(:f,t i5,s-l,i::l: of p & ~ ' i i ( : l e ~  

- , -  arid i - i s p e r a o i d s  toi:ic.tkier t1.l ~ i k  %Is:: %~PI - .. j-css.tl 1 e i.,:;pt:ti (1- ;;HE Oieau iiig a .,, 
. - 

'rile pr-i,i~.a,,-.y &sLir:giiiaP-l-i2;~g i'c;iLz!r.:: 01 gas ill,::pe~~sci-~~c"ra .r pai"ilc::l.c size, 

~ ~ ~ ~ ~ f ,  wj used. i i l - i j t  (3 I? gqi.rt,j i;'i <: #-;bye ,i_ a the u~icsron ( [ t )  , 
%he pn-T"  ~5,cl.e size of 3, gas d.i s-!?ei.r~i. .hi :isi~ai, i 7 f8;i:;;7j; i;:: t h e  a1reu:'age 

A 

or eo,ujvalen-t &jill;ncter: of' -i,lle p a r  Li,: I . , ,  '?,he miis i; wi,ii.t::,ly trsed. %ype 06 
dust-conecti_oll equipl1reil.t j.s i:.k:ti;;: eycl,one, i;, :i%l.i:-ii ciust--laden gas 
enters a cyI-i.~&~-i.c;l p- ; r  (:orlji:a.i irii;~git;ei: tant.:cirr.f;ia"l.. <3t: one 231 ' ~ B , F > T ~  

.7 - p o i n t s  arid let:xen tJliro\.~gEa a ~~::~-tra.l ~~e~l i i - i , ' : ,  l h c :  L ~ I J . ; : ~  T I ~ J % , ~ , c ~ ~ . : s ~  b>r 
vi=yt~<~e of tl-teiy l;nert:i.s, will Iilcjve ,f;c.?~~rayd the ~ - ~ t i . ~ s i d e  si-;sa-i..af?;riz wall 
f ~ O I ~ I  w h i c h  khey a r e  I.ed i n t o  s -ri.cciveu., A t  :i::ierating con:ii i;ioi%? 

. conmsla]_y erllpioye&, th,t. cerr.tssi f'vlg:3 1, :;:irs,Y8.[, 1 fo.ilae , 0.7" 3di-,c:c ? - I : , ;  1 n?s,:y 
r a n g e  -f.c.al 56, f f  ve t ime- ,  g r a v i L y ,  -it! ii.c:i*$ i.asgc: rJ.iti:[firler, lo- ,~l-r .~~:is&- 

* .  
ante cy@l.ones tgc4 2'70CX'' ;~ tl ver,j s!?!alI , 115. gh- ress ii t,rij.1<.iA ~rili ts,  Tile 
$mnedi:3,t,r, entrance to t3, c:yc3~or;i-: 3 s ~i,$;~dal.l;y- rrectanguiar, 







in _i]re rLo~tl:: of" ikle two t l i i ;  d;: (psasi,-r dc-q~rr an:% g,,as II,,~?) 3 n t h e  

absorx),iion <,o~~rrr. a,re jm,~~nr-.;),~~ b; , IC 7arcjj,c-r KLI;~ s i; fs ! ox*? a+-n a j r ~ i  r~ijri.;.~~? ~ r t : f ~ -  
" .  tj.rlg ( p w $ T ~ )  [*ilL>.t ;1.7;* v~c:-l:,f: a]".! t)I,\.(> <:at- rd.,!Ltii,i : 1i';2c2 ~-.c-:-i 8,t.i \IC 1-.I c*r 

of t h e  two f'luld.s (j , e , ,  pjabc-c :ir:<?. :l;z.s) mug<. not  be so ka.rgl-, . ." k~li-(~;re~trl-:~-, 
,%;_he \jqjt.ra~-d flow 0.i" b ~ 7 ; ; ; i i  S~qjc t j~ : : ;  tits; iiri~)rn"p[al:.d. ,.Flow e > t  w;3taei- i,;y 

buhb.:li;ng .bhrovg4~ j.i_C, I.;, pa, i ni, 'rinl--~x~ri? as $,I;:: loac1,ing pa;.i.n%, Ad tis.i.n 
p o i n t  pressure r k0 -g~  across the % o ~ r e r  he i -eases  ra,pidLy, 14' %he 
seba'r,ive f''l.otrs are tncreased frirt-he?-, t h e  f:io~id_i,ug rat*: 5a  reached, c ~ t  

,, = " -, 3rhic;t.t i;i-ie f ' l o y ? n i  a_.)i.h.sra:'r,er: r:s r~upe;dtcri , '!!he i;o~rel;r 3.s ae::igrred to operaiie 
at, 0, 2'(: and .remove liC'il cult3 Gi . :, . t'id*:oi .i;he gas s.Lr*e8m., 'Th- l i C l  i t ;  

, - :I'ht;j :i,bnnj.ption i :~e f f~c ien , t i  .~.ejrr~jved by d i r e c t  rea.c:-Lj.nil w'i 1,3i .v-,$ 
A 

( t h a t  is, i.he sn l~uh j . l j . t y  of IIb:l_ i.1; v1:;ter ai; 0°C and at i,/:jO atr:l,) i s  
2,74 g / j - ~ ~  r ~ a ,  TIze ellii i s  -r-eyilovcitl bg the x.esct"irrn3"' 

 bee^-b :e i i l c l  ~ r i l : ~ b ' i l - i t ~ r  oi' C" - GI ii20 3s sma Ll, (lid's., , - 0,l 
g / l ~ ~  x d  a,% 0°C avid 1 /50  a t m , )  t l . ~  f3,1?I~~e ~ e a r t t o ~ ;  wiLZ_ Li- ;,he c?~r r i~u : ,n t  
rncseha~iis~n for the r e ~ ~ y . 2 P  of CL2 i'i011i f*i~~- g83  b i r i  eZU, 'iiL%Il &he tic3 

(:I2 removed fc;r  ilie gas s"cream, i,ftc gas 011% or the &hs(31y%fu~1 &ovier 
consists of w a t e r  :tarsor2 COp i r v o r n  tbn e>ri~?,j~:~I p ~ a d i ' ;  a ~ , < i  17~!;~ 
(frm t h e  6.L2 L ~ R L ~ ~ o ~ s ) ~  A% f-hi:. _ i " ) l i i L  {rhb { y e  stre+~l.r.i 1 ;  d ~ i e i l  (p~jo-  

sibly by a CaSO, d ~ y j n g  colt.~flli) , :PGF 3 14^4?0~$!,!t r i  V d T "  SraXf 1iliiSP *,c> 
s l i g h t b -  al.o.cse atrfiospherii: pr$>b::udc:, <lfit dh- I;O-CC12 m ~ x r  ur e iJ ps rac-d 
thraugla a separ *it,or, 
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4. Computer Program 

A computer program was wri t ten  fo r  the  IBM 360/75 computer t o  
compute the  f r e e  energy fo r  any reaction having l e s s  than 15 reactants  
and 15 products. The computer program flow chart  i s  shown below and t h e  
computer program i s  deta i led i n  Appendix B. 

Computer P r o p m  Flow Chart f o r  Cetnpi~ting Themlody-sllmi c 
Free Energy Values 











The I ) ~ : ~ - t . j , - , ~ < ~ ~ j  (li' 0 .  . . c;~lc: ~33a~(.*t.,:i. c,.:! ~ : a ~ ~ ~ ~ < . -  ;,~;,.i y;~.>kf;, <,?je: zbi  o(: ~ . ) - u ~ : j  ;-) 165 

was heated by l 3 d l  8- .i.nc;Et i : ihr  1 r ~ 1  r ji[lit 9; tqiij& &. - .ti f.  i,h at;_!.tir; i<~;$- - r , i~ : :~ j  La,tt;d 
l'lf chrome wise .  3'11~ terape~;a-lu~.i~; oil i,!ie u!et;j,,j ~8.:; ny)n -tored by a i,l?~: 6.~~10- 
couple positioned ng;iia:w-I, t h e  iio'i;t<.iii r j ' i  z_i~n.i: -rlit:.l 'r! 1 i: , .Jlr:t:~r:i,~.;lr cf 
the recorded te10~3erat1ii.e was dcf4ct:~irli!ed. h~ t rhee~- . -~icg z;ne mcli,ir~g, 
Suf f icSen% popri. r tfas s~spp:i,~.<,-d. ?,hi 'i iic t,llkme rilr:Tfl.l? .it-,) n? ,~r . i  ~.:taj r: ter~rper.n- 
t u r e  betweail li!.]~""l P J : ~  6i ; t?c~, t i - . i : ~ ~ d i ~ ~ g  - on j;lis;i P X - Y I E : ~ - ~ ~ ~ Y ~ ~ ~  

, >55 &<, f )~<,j,(]($ {:j,sJ-(>;-3 i~.:i,f,-i 0.q '. (:-<j.tie; 3 . ) ~  i;;; W" i.tr" i?yr-' ..- ci n 
u-u.-%L- ~"3 .&-.--. .-  ,, t.2 t. d 

i):orfi r-i::ager,t 0- crr:~c]d.~~ 'z~li> and .. (.*-ti i;. 2 4  - .ii 'Itle ~ i d e f - ~ d  7-10 ~ - > ~ ~ ~ . ~ ~ , ~  
, were crushed i+xiil. screened- i,o - I +  + and - 1 0  + 50 ,L\ ~ O - L - C ~ ~  1:: 

- " eLLt.njna d-isc: 'iid-as n:Laeec!. a roluld Li.1;. c.;~? i-rd. iiPLJec tj 7,z t ; l  rr:nd b::ld. in 
Ii-Ei:".i positj=r,.il by a ql1ai.t~ &ass L.:bc c.xfrend.ji7p, t n  tul.re \I;I~,~~.;I:I 0Z ' ' 7 ~ ~  d .i tj.13 

. * \  zone ;ii. t,b;: saine lieig:li, prei.:jl>usJa> - cic:cr~:>~i,ed i i : ~  i,l-~e bc>ti,r>rt~ of ELI-: zinc: 
- c ruc ib le .  Bppro..rimai.,e.i~/. r.70 inches o!' -.-'; 4 .  i i j  ii7ilsh -b:ia<fi ei.j:::'c;a;i 0l.i 

the a,llu;l;izaa d i s c c  al;nve, i,k:at, tfus; pJrl,i.ecl l,i.*.c .i.irc:'i~r:r; i ,C '  -.l('; -fa ': i 

21.10, 







Zinc or zinc oxjr lc and *k$t#ani-ion, -rac~:-peiik?.rcel~;~ >rl=.i-e ws.igb~.etS ant1 y~j-t 
j n sescfJ5.0n zirale 8.rrd. ct120riii%f,o~1, Th;, :jy 6f8em wa.6 P " V C ~ C ~ I S ~ ~ ~  8 1 1  

~ " , . p o ~  j 0 1 ~  of the  ~ j r ~ ~ ~ ~ ~ ~  except tjkke z inc  eva :';:i-r...?,.;1 L C I ~ I  ::e&i;x:y, t r f - y  li~~r,lgitt; 
- a rap t,o %ear?.pera:-kiau-e and s%at1f Pj.zed b e f o r e  t2ai:h run*  !;i.q!li.ii ?altrogen was 

psu~ec8 i n t o  the  cold *;sap, W i t h  a i i ~ c  e - ~ i 3 ~ : ~ 0 1 - 6 i P c  E B  t,he zinc, va:por GO~LI*~P 

t he  zinc heater 9re.s Lr?,r:~aed on appriix h d t e l y  30 un:i :?;itpca be.rrras~ s d n ~ d  :. n6; 
e .  

the  y u z  aid systea] p , r e ~ s - ~ e  was .ral acid ] h ~  lfa] J l r i  t_; I , ( :  -c~li.l ;q~,-~ri.  1yp~>ui,co*e 
ev-aparatlon sf zinc,  z i n c  nperaA>ing to~!~i~sa-k.~?u*i-.c wn.s actdeoed, ~ y - ~ t e l i l  
p rees l re  was P.ci~d$es~.:d do the des8xed li=-::reJ. G3s f;.or-IS lsrcrc: ii&d5.n.t;.d i r l  

./* P t h e  fai9csttrfng order;  Cl, to ti%anlisxn~, iiO,, and if,,, At the  ccrmpletisu of 
the run, ~ y s f ; ~  pressl!:pe was ~aised again tc sbo;; zinc evaporat53n ~ I R C ~  

z inc  was c ~ ~ l e d  $0 350°C pr io r  l:;r, s y  t:f~;cm F*T;;CII~,~, i on, The :;gs S,t:xn was 
closed t3bove the cold trap, aati1 t l ~ e  E : ( > ~ S E  t ~ . 0 ! ~  . i a ~ ; + ~ : :  r*:srfvi,i~~;'(3~ inti pSact:d 5-,- 0 r i  

a k p 3 ~ d  ~qhj.1.e ts~ppeul gases euapnr.r,tecl-, 6):.rce i.11~ t14d<>~i.i-isi,tli~v r:ooled 
t j  -oc)xl tanp@r&ure  and there: t ~ ~ c :  danger of' r.;-;--' ,,, ii . i .ir,ar?i?fl~ r-azride.t%on , 
A. tdkle reaction P,lb e was i - ~ ~ o y e d  f r c ~ ~ v  i;;17(-; a i , r a t e ~ ~  and Lbie sol-4.d r8es,ct$or! 

prodnets were analyzed. 

When chl.casl nat ion  o-f ZnO .was : I S C ~  7JkLc:  *I . . sx  $ 3  ~t L ->IJ<,~ ,- ~ # % , - - ' , s , .  ,I, t ~ t '  

s 6 Icclf; at B mn1rni.p~ ~~"ii.i.1 aIJd gases we;..: t:ioxkIrngu p."; *ah5 - .- y h  ?,<ate dire p:-.r7-; 

sjj~r.c. was y a i s p d  to -ht;k71~ :desired lq\-v~:l - 





. A i i r ~ ~ i i i n ~ r n _  Oxide Pr-nduc t. i i i ~ i  

p?a;,ctj(,, free eeeri-9- aiid e y l a i j j  ! "  i : i i i i ~  t ~ l l i ,  i,l:c?:"C ( " ~ 1 -  
eula ted  n;yey the bnpera%rlfi rczj-:gG - ZI)Q(]'K, Tkle: [,he l . i m ~ d . ~ ~ l l ~ ~ ? i j  i: &::;a - 
are s!.mae.rized i.,: TaTiYole 















m ihs_. ej: ' iefi; .r!' a : j l f j i ! ~  c,G?R ii sy~i;"c~li: - r)T~h*:;~\~>.e nri i,i!r - jimiii) ixerd 
powder can r.)e see11 by co~~.par:kiig I a n  No, VA-??.";witii i?i~.i i  Lie, 'JA-l~'{, l l i  

gen@.r;j;L, ilicl.easinji sys  ex^ j>resc‘i ,>,LJ ---- -; decreases the gd3 ~~elocit,-~ in f,he 
a ' L"ea,ctioll el-.3 ao>TiLlg yirst a J -oIlg<tr thF2 fO1 ga,s lnlxlrlg alci t~ 

transfer in the reaqcior entreriyic-e, and secolrd a Ivnger residence t ime  
Soar powder growth in thr: hiid zone, Tlie e f f ec t  o r  i=rlereased laeat -Lr"n,ns- 
fer to the gas sLi-.e;xm increased mj.xii-lg shoi13.d reail lL ill iirt:i-eaaed 
efficiency of cor-wersion. 

This 31,1-hstxnl~iate<j l-iy fiihe i ~ l @ r e n , d ~ - ; d  a ! ~ ~ ~ ) f i  gf -~)~)\qd.e;r T ) ~ c > - =  

duced at, higblcr pi--i-si;rir.es, Jn sdci,t,ici!:, i;lrs; i n c r e a s e  1.n i-ea+ depl:;s: 
t,. dg$c pa~+;it:~Le % b e  in . t he  hot, zone shoi~li i  resu1.t lii a n  increase_. 3 n ~v-I:* 

size. TBle incres,se in size facrcl O , G g p  for Ran No, VA-15 to O,Y2p for 
R u n  No, VA-IT verifi .ed this ns;3uiirp%iovi, 

To dete~~di lbl~ %he efteci, of %e~p~r&\rie iryrorr paxtlcle s ~ z e ,  
tenlpereture was l r r u  Led in vA-8  tion I ~ ~ I U " C  to r85n0r., i r z  30"e L,~Y-c- 
m e n h e  The p a r t i c L e  sxze L ~ ~ S T S T ?  h i l t  " ~ 1 ,  or fib* P esu.li.;i lii: pc>wtiei~"c WRG 

much wider tkai-~ that obtained at; Tixl,d Laoz~d i t%ons ,  A -8,ngk; from G , O i  
ts 0,20 was et r ,z r~led  w i t h  a n  alic.rage portLeLe sj ee sf O ~ O T / ~ L  Prrm a 
p r c h z b i l i i y  $isle% 1311' p : z t i ~ L e  ~ L Y C  r~ ,*_;tab percent f i . 1 7 ~ ~  (pig, 181, t h e  

paiticle size di: . r , r . rbut~oii  appeai eti to be a SIA~I of several  i l idxv idual 
1iorm.1 d - i s t u ~ i j u f , j o n s .  The resrllCs ;if VA-9 r n d i c a f ~  t h ~ t  t h e  "n'ze 
slae oi vA-8 ::e,n be attrii)u!,ed x,l?i +,lie h- ig l je~  i a - ~ l g l ~ ~  it ~ ? T " L  

]<oiqever, upoc ctxnpasing T$T!~= J.6 w i t k l  VA-1.8; if, j , ~  a,-cl-pd‘c~"~l - - f; .i,!-iat 
a. deesea,se teri;peratgr:r, resu i t ed  i i .  conaidrra ,ble  irzcrease -t_ I-i - p a , ~ d i  cl i- 

for these p;ri,ic:~~iar input gas c:c~nditior;s, tihe effect f > { %  & , 
e - telnper.s-i;ure on psr- t jc le  size f s  riot, p-(s,-i.iiseiy defhed _"x%cj~i the : : i ' s ~ b l . i . s  

of these exyerir~?r!ts ,% 
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The i,hemozf.o~xpIe 
and the recorded 



Table I;X = Bys'l..e911 Corditions ravrd t'haue lu~eJ:ysis Co* Runs l i s i r~g  Iletel 'ilc A r c  a h  1,j1,- 73rlr- i'aps: !<r,-~t,-.i 

Run NO, React ioi.  Zirrvii 

2 2.XQ Loii 200 160; 0:!3 ':;7> .~ 1 - j 

3 1403 9:) 2:;o 400 O *  ~6 ;cc. G 6 

4 iiiiio 2 1 570 r l J  0. 12 P I  ,) ii, .> a 3  

5 1 lcxi L CCi 5 O<j l~;co - * hccJ 

6 i3m (3 5 3 ~ 0  6:xi 0,75 ~6,o 2 ~ 6  

7 1351; l i b ?  16~-~":1 1, ;<I j7" 5,f; 

8 J.7M ICX, 2000 I.<;G-~ 0.67 r.90 2~ k , ?J 

Sycrtem - - - - - - - - - r i s s e  . - .--------a% l ~ r e - i ~ a i d  &'16 (iCililb -- of P T ~ C E  - ------ - ---,-- 

:*esc?ius --- Zone l - - - SEe 2 L--'"uA - ---.-. Zone 3 _ 
(m a Pnases Goloi Phases miur Pnlisse rd or- 

Not Am&yzc? 

woi iv2e"~yeed 





L. Potrder Char.aci,ei.istEc s - i r  t r l r  aiaajority ).of t h e  runs, 
powder was deposi ted i n  t h ree  ciisTTrict zo f~es  i n  the reactiori tube above 
t h e  hot zone. The zones were (1) t h e  top  t w o  inckies ai" t h e  r eac t ion  
tube, Zone I; ( 2 )  approxha te ly  2-11 inelrea below t i l e  top of the  reaz-  
t i o n  tube, Zone 2; and (3) from a;l?proximtely 4 inches below t h e  top 
of  t h e  r eac t ion  zone to the hot  zone, Zone 3 { s e e  $58, 25 f o r  sketch 
of zones).  he zones were evic~er~cecL tiy coanu { T ~ c J  pI LOTI C I B ~  rent2 to 
zone. According to visua_l i ; \ r i de l  c,ii i l l  i n c s L  rum Zerie i eontairlccb 
mainly mc;."cLilic z inc  whicli was p o w d ~ r ~  1 r 1  flatarc avid. d a ~ h  grad, Zeile 2 
c s n t d n e d  large aokrnts  or" rrzeiaJli- zi.rLc w h i c j ,  condcr?secI on t i le  w a l l s  
and flawed down the tube  t o  the poi i ~ t  that Impor izat re iL eaee~~r red again, 

A p g a e n t u  t h e  tennperatu~e o f  Zone 2 was .l"n ikle range i i i  which z inc  i s  
a l i q u i d .  The major por t ions  of t h e  oxides were found i n  Zone 3 and 
were eprideliced by a l i g h t  gray to trhite color ,  111 iio run was Zn2Ti04 
t h e  only oxide formed and i n  a-ll runs Trio2 and ZnO were found  xed 
with  the  Zn,TiO,. The results of x-ray d i f f r a c t o ~ n e t e r  phase %naTysis 
(see  Appendix E )  a s  weU a s  material color  f o r  t h e  d i f f e r e n t  p o r t i o i ~ s  
of t h e  tube a r e  listed in Table IX, The phases indica ted  i n  Table PX 
aare l i s t e d  i n  order  of peak height t o  give an ind ica t ion  of r e l a t i v e  
armsmts of phases found. The r e s u l t s  of  regions l e f t  blank does not 
i n d i c a t e  a l ack  of ma te r i a l  deposi ted i n  those  regions but  simply t h a t  
these  regions were not analyzed, f o r  i n  every run a s i g n i f i c a n t  por t ion  
of t h e  ma te r i a l  formed from t h e  vapor phase was found i n  Zones 1 and 2. 
I n  every run t h e  m a t e r i d s  i n  Zones l and 2 were gray t o  black i n  color  
and i n  most cases contained l a r g e  amounts of m e W U  zinc which c o u d  
be e a s i l y  seen. 

En four of  the  runs Zn2TiO4 was formed and i n  one run (##J..) 
it was found t o  be t h e  mst abmdant phase i n  Zone 3. Figures 26 and 
27 a r e  e l ec t ron  aicrographs of run Zn2Ti04-l, Zone 3.  &though t h e  
c h a r a c t e r i s t i c  morphology of  ZnETiO, i s  not kno7+m and therefore  caano-i; 
be d e t e w n e d .  from the nixed. phases jn t h e  mi~rog~sphs, "c~e rajerogr8,pl-1s 
do show a p a r t i c l e  s i z e  i n  the O,l td I_= QJ regions,  a s  was evidenced 
in t h e  r u t i l e  electron deragsaphs  presented earlier, The charac te r i s -  
t i c  hexagonal msrpholoa  shown by rt~"eriae i n  earlief ~ n i c i n g r ~ p h s  c m  be 
seen i n  t h e  micrographs of Figs, 26 n_nd 27, 

A l t h c ~ i ~ ~ E a  @ t j - i ~ - , ~  oxide pi t",7e3 were- i t , 1 ~ f i ; i 3  ' ic,r, iJ-,= 711C-71_G+, %t,3 
presenace in sc;ir_e o S  the runs il~d:~-?te:< tGet I"c&I~?,Ic;~I-~ 01) \ 1 9 ~  pbiiicc ;.Jing, 
a t l e a s t  to a. p ~ x t i d  dcglcec, ' T h i  - -  -1 P t a t ?  c l pt.~t,Sl,lc el;;31tl r i z ) + j  anc, 
f o r  f'orrna-bion oi m i t i p l r :  ~xa:L,: l l i n j L t ,  ' 1 - <  ,Ti:' r ,  l ac t i  of :r,,i,rot 
of Zn e ~ a ~ p o r a t i o f i  r&e aid incomplete c ilLcn ima t i on  c F iitsrium, 11; 
runs Z U I ~ T I O ~ - ~ ~ ~  a8nd, 12, 29 pcs cpnt p~f the tb~c~:~eLE;iczI t i t a n i i u ~  wc?ig:!t 
was Low, Kowever, t h e  ei"fic9encgr iaay E8,3;pe been higher laec;.,use c * I . l e ~ ~ i -  
c d l y  reac ted  chlor ine  on t h e  ,cu~ f ace  sf the 4 , i t m i u u  would have 
masked the  -&rue weight loss of t h e  t i%mim after the r l a i l ,  

The second, and mst probable exyld~iation, is lack of mixicg 
of t h e  Zn vapor which flowed o o t s i d e  the c e n t i a l  i l j e c t i o r  nozzle with 
t h e  gases Slowing through "Ge cen%r&l injecticail nozzle, The I?egr;?o>ds 



Fig. 25 - Schematic of Powder Deposition Zones 
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Table XI11 - X - r z y  Powder D i f f r ac t ion  Data f a r  Alumina, Run No. VA-10 

Phase Line 
28 d spacing I No, Phase 

F ig ,  30 - X-ray Di f f r ac t ion  P a t t e r n  f o r  Alumina, Run VA-10 
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